Diffusion of carbon is mostly assumed to be governed by carbon interstitials via the kick-out mechanism. Carbon in-diffusion experiments are associated with thermal equilibrium concentrations of point defects, whereas in the case of carbon out-diffusion a remarkable undersaturation of Si self-interstitials may develop provided the carbon concentration is several orders of magnitude over its solubility value. New carbon out-diffusion experiments demonstrate that this model qualitatively describes the observed carbon diffusion profiles. However, we demonstrate that an accurate description of the experimental profiles is only possible if the FrankTurnbull mechanism, involving vacancies, is additionally taken into account. Detailed investigations of carbon and boron profiles in the same sample can be used to determine the splitting of the known vacancy component of the silicon self-diffusion coefficient into the vacancy diffusion coefficient and the vacancy thermal equilibrium concentration at 900°C.
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Carbon diffusion in silicon was first studied by Newman et al. 1 and later with comparable results by Rollert et al., 2 so that the diffusion properties of this impurity are well known. In the last few years carbon again became a topic of interest because a high carbon concentration (Ͼ1ϫ10 18 cm
Ϫ3
) can reduce the so-called transient enhanced diffusion ͑TED͒ of implanted boron. 3 Furthermore, at carbon concentrations of 1ϫ10 20 cm
, as may be obtained in samples grown by molecular beam epitaxy ͑MBE͒, the regular boron diffusivity can also be reduced remarkably. 4 We proposed that these effects can be explained in terms of carbon diffusion via the kick-out mechanism and the generation of a silicon selfinterstitial undersaturation in the presence of a built-in substitutional carbon concentration many orders of magnitude above the solubility value. 5 A self-interstitial undersaturation in turn influences the diffusion of boron which involves selfinterstitials. The present letter demonstrates that for a more accurate description of diffusion profiles of grown-in carbon, the influence of vacancies also has to be taken into account.
Diffusion of substitutionally dissolved atoms such as boron can generally be described by the following expression for the diffusion coefficient:
Here f I is the interstitial fraction of the diffusion, D 0 is the substitutional atom diffusion coefficient under equilibrium conditions, and c eq is the equilibrium concentration of the specific point defects, such as self-interstitials I and vacancies V, respectively. For boron, Gossmann 6 deduced that in agreement with earlier conclusions, 7 f I is higher than 0.98 so that the vacancy term in Eq. ͑1͒ may be neglected. Since the boron diffusivity is well known from the literature, 8 changes in the boron diffusivity can be used to monitor the normalized concentration (c I /c I eq ) of silicon self-interstitials. Recently, Rücker et al. 9 investigated the diffusion of boron and carbon in silicon in a sample with a 300 nm thick layer uniformly doped with carbon and containing four boron spikes within the carbon-doped layer and three boron spikes outside of this layer. The structure was grown in a MBE system. In APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 3 ing either that just the kick-out mechanism is operative or that the kick-out and the Frank-Turnbull mechanism are operative simultaneously. For the simulations the coupled differential equation systems, which describe the diffusion and reaction processes, were solved numerically. The experimental carbon concentration ͑open circles͒ shows a clear kick-out shape profile as also observed by Werner et al. 10 which is in contrast to an equilibrium Gaussian profile. The dashed line is the result of a simulation based on the kick-out mechanism
in the same way as described in Ref. 5 and also performed by Rücker et al. 9 For the simulation we used carbon data from the literature 1,2,11 including the equilibrium carbon diffusivity (D C eff ), the interstitial carbon diffusivity (D C i ), and the substitutional carbon solubility (c C S eq ). Using these data we calculated the interstitial carbon solubility (c
The silicon self-interstitial data taken from
Bracht et al. 12 were determined by fast metal diffusion. Under the assumption that the law of mass action holds we need only one reaction constant K KO which can be estimated as K KO ϭ4rD I under diffusion controlled conditions. The capture radius r is assumed to be 0.5 nm. This well established data set results in a significant difference between our simulated and the experimental carbon profile. Also the experimentally determined reduction of boron diffusion 9 is only a factor of 14 instead of 115, as theoretically predicted within the framework of the kick-out mechanism ͓Eq. ͑2͔͒. In order to resolve this discrepancy, Rücker et al. 9 suggested that there is an additional hidden source of self-interstitials reducing the self-interstitial undersaturation, thereby speeding up carbon out-diffusion in contrast to the prediction based on the kick-out mechanism. As a possible source of self-interstitials, Rücker et al. 9 suggest the presence of selfinterstitial-carbon complexes which dissolve at higher temperatures.
In contrast, we propose that the influence of vacancies should be taken into account since it is well established that both self-interstitials and vacancies are present in silicon. 7 Therefore, in a second simulation ͑solid line͒ we also take the Frank-Turnbull mechanism into account:
where the carbon interstitials C i interact with vacancies. For the simulation we assume the vacancy component D V c V eq of the silicon self-diffusion coefficient determined by Bracht et al. 13 which is about a factor of 8 lower than had been postulated before. 12 The only remaining parameter which has to be fitted to the experimental profile is the splitting of D V c V eq into its two factors: c V eq and D V , while keeping the product constant. The experimental profile is described very well for c V eq ϭ2ϫ10 14 cm Ϫ3 and D V ϭ3.86ϫ10 Ϫ10 cm 2 /s. The influence of the splitting of D V c V eq is demonstrated in more detail in Fig. 2 . The theoretical carbon box profile with a carbon concentration of 1ϫ10 20 cm Ϫ3 inside the box and 1ϫ10 18 cm Ϫ3 outside of the box, is similar to the experimental structure discussed in Fig. 1 . The value of c C S ϭ1 ϫ10 18 cm Ϫ3 corresponds to the normal carbon background introduced during growth by MBE. An obvious difference between the diffusion profile shapes, for the case of the kickout mechanism only and for the case of both kick-out and the Frank-Turnbull mechanism operating simultaneously, would be measurable in the tail part of the out-diffusion profiles but only if the carbon background concentration was in the range of 1ϫ10 16 cm
. The solid line shows simulation with the same parameters as used in Fig. 1 . The dashed and dotted lines show the effect of increasing or decreasing the ratio of c V eq to D V by a factor of 5, demonstrating measurable differences in the simulated profiles for this value. The reason for this sensitivity is associated with the formation of a supersaturation of vacancies inside the carbon layer. How fast this supersaturation can be reduced depends on the diffusivity of the vacancies. The high sensitivity of the carbon diffusion profiles on D V allows us to determine the vacancy properties c V eq and D V from carbon out-diffusion profiles. Some literature data 12, 7, [14] [15] [16] of D V together with our result are presented in Fig. 3 . The error bar of the D V value at 900°C results from the factor of 5 which was also used in the simulations in Fig. 2 . We mention specifically that the description presented here is not accurate if both the ratio of D V to c V eq are unknown. As seen in Fig. 3 , there is a remarkable difference between diffusion coefficients determined by diffusion methods 12, 7, 15, 16 and by other methods ͑theoretical, 14 crystal growth, 17 annealing 18 ͒. Similar differences were also observed for the self-interstitial diffusivity D I . In the case of self-interstitials, trapping at carbon atoms has been suggested as a cause of low effective self-interstitial diffusivities. In the case of vacancies, the difference of the activation energies in the two sets of data from 1.8 to 2.0 eV for the diffusion methods and from 0.15 to 0.35 eV for the other methods mentioned could potentially be explained by a trapping complex with a binding energy of about 1.6 eV.
One candidate of such a trapping center might be interstitial oxygen, which forms a vacancy-oxygen complex known as the A center. 19 The A center will not exist as static trap but in dynamical equilibrium at the temperature considered in this letter.
In conclusion, we find that experimental carbon outdiffusion profiles can be accurately simulated if we assume that both the kick-out and the Frank-Turnbull mechanism operate simultaneously. Based on the known value of D V c V eq at 900°C we determine the value D V ϭ3.86ϫ10 Ϫ10 cm 2 /s and c V eq ϭ2ϫ10 14 cm
. Further investigations and experiments are in progress to study the behavior of oxygen as a trapping center for vacancies. In addition we will investigate similar carbon structures such as those used by Rücker et al., 9 but with antimony spikes instead of boron. Antimony has an interstitial diffusion fraction in silicon of f I Ͻ0.01. 6 Such a structure can be used to monitor the vacancy supersaturation in the carbon spike, which should lead to enhanced antimony diffusion similarly to that already observed by Warren et al. 20 for germanium ͑which also diffuses predominantly via a vacancy mechanism͒ in a carbon-doped structure.
